The large-scale equivalent permeabilities of strike-slip faults in porous sandstone are computed from detailed field measurements. The faults, which occur in the Valley of Fire State Park, Nevada, were previously characterized, and the flow properties of their individual features were estimated. The faults formed from the shearing of joint zones and are composed of a core of fine-grain fault rock (gouge) and deformation bands and a peripheral damage zone of joints and sheared joints. High-resolution fault-zone maps and permeability data, estimated using image analysis calibrated to actual measurements, are incorporated into detailed finite difference numerical calculations to determine the permeability of regions of the fault zone.
act as conduits or barriers to fluid flow. In most cases, a fault displays both aspects of this complex signature in time and space (Smith et al., 1990; Caine et al., 1996; Matthäi et al., 1998; Caine and Forster, 1999; Aydin, 2000) . Thus, the accurate description of permeability in the fault zone is an important aspect of the overall characterization of the reservoir or aquifer. Detailed field measurements are capable of providing fine-scale descriptions of the fault zone. These descriptions are, however, much too detailed to be used directly in standard finite difference flow simulators. Some type of averaging or upscaling procedure is required before these fine-scale fault-zone characterizations can be used for reservoir-scale flow modeling.
In recent years, many researchers have addressed the upscaling of the permeability properties of heterogeneous porous media to incorporate, to the degree possible, fine-scale permeability information into large-scale flow models. In general, upscaling is required whenever permeability data measured at one scale are to be used in analyses conducted over much larger scales. Techniques for the determination of upscaled or equivalent permeability can be classified as either analytical (approximate) or numerical procedures. The computational cost associated with the numerical methods is generally warranted when the resulting upscaled permeabilities are used for reservoir flow simulation. Several analytical and numerical techniques are discussed in the reviews by Wen and Gomez-Hernandez (1996) and Renard and de Marsily (1997) . The numerical procedures generally entail the solution of the singlephase flow equation over the region to be upscaled. The specific techniques differ mainly through the boundary conditions imposed on this local problem, the particular numerical method applied, and the size of the local domain considered. In this article, we apply a finite difference numerical procedure with pressure-no flow boundary conditions for the calculation of the large-scale permeability of the fault zone.
Several previous investigators have studied the effects of smallscale geological features on large-scale permeability. Durlofsky (1992) showed that small-scale permeability variations (crossbedding) in eolian sandstones can reduce the bulk permeability by 1 order of magnitude and can create a permeability anisotropy of k max /k min Ͼ 5 (where k max and k min are the maximum and minimum principal values of permeability). Similarly, it has been shown that the presence of joints can increase effective permeability by 2 orders of magnitude (Matthäi et al., 1998; Taylor et al., 1999) , whereas the presence of deformation bands can decrease effective permeability by 1-3 orders of magnitude (Antonellini and Aydin, 1994; Matthäi et al., 1998; Taylor and Pollard, 2000) . Very fine scale features (cross-beds, joints, and deformation bands) may thus introduce significant permeability anisotropy. Furthermore, these small-scale structural heterogeneities must be accurately represented, because a misrepresentation of their geometry can lead to order of magnitude error in the estimation of effective permeabilities (Taylor et al., 1999) . Thus, accounting for these fine-scale features in the calculation of the upscaled permeability is imperative.
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We thank Rod Myers for providing us with the detailed maps of the faults studied in this article and for his assistance in their use. This work was supported by the Rock Fracture Project at Stanford University and a grant from the U.S. Department of Energy, Office of Basic Energy Sciences (DE-FG03-94ER14462) The faults studied in this article have been characterized in detail in a previous outcrop study (Myers, 1999) . From a hydrologic perspective, the faults can be described as being composed of high-permeability components (joints, splay fractures, and slip surfaces) and low-permeability components (fault rock, deformation bands, and sheared joints) embedded in a matrix with intermediate permeability. We study the evolution of the permeability properties of such faults as a function of slip magnitude by calculating the equivalent permeability of large regions of the fault zone. A schematic of our general workflow is shown in Figure  1 . The bases of our work are subcentimeter-scale resolution field maps that distinguish the various elements of the fault zone ( Figure 1a) . The permeability values of each fine-scale fault-zone element (joints, sheared joints, fault-related deformation bands, slip surfaces, fault rock, and the matrix rock) are either measured or estimated ( Figure 1b ) and then input into the detailed description ( Figure 1c ). Numerical simulation of the fine-scale input map yields the larger scale permeability of the fault zone of interest (Figure 1d ). In this article, we follow this workflow to determine the values of fault-zone permeability for a range of fault-slip magnitudes (6-150 m).
The approach taken here differs from that taken in several previous studies (e.g., Walsh et al., 1998; Manzocchi et al., 1999 ) that established correlations for fault thickness and permeability in terms of a few relevant parameters. These correlations were used to derive approximate input to flow simulators. In the present article, the fault descriptions are extremely detailed, and the effective flow properties of the fault are computed using numerical solutions. In practice, however, the detailed fault-zone information we input into our calculations is not available for faults in the subsurface or may have different values in different settings. Our calculations are, therefore, most useful in providing insight into the flow properties of faults and as a means to determine the dominant controls on flow in the fault zone. Once these are clearly established for a particular type of fault, appropriate correlations for fault-zone permeability in terms of a few measurable parameters (e.g., fault slip) can be established. We note that the procedure described in this article for determining fault-zone properties can be applied to faults of any type, assuming a detailed geological characterization is available.
An alternate procedure for modeling fluid flow through a fault zone is to use a discrete fracture model. Such models are widely used for simulating pollutant transport in naturally fractured groundwater systems or waste disposal characterizations. Discrete fracture modeling is not generally used in practical reservoir simulation, although some researchers have reported recently on the use of these models within the context of reservoir flows (e.g., Kim and Deo, 1999; Dershowitz et al., 2000; Karimi-Fard and Firoozabadi, 2001) . Discrete fracture models have been geared more to fractured systems, which may display more regular distributions, than to highly complex faulted systems. For large-scale reservoir flow problems, it would be impractical to represent every element discretely in a fault zone, because the fine-scale data for the faults in the subsurface are not available and because the computational cost would be very high. In case the flow response of a fault zone is dominated by a single element, then the dominating element can be represented discretely. Hybrid procedures, such as that recently described by Lee et al. (2001) , allow for the representation of most of the fractured system in terms of an equivalent permeability but include discretely some number of dominant large-scale fractures. This type of approach potentially could be combined with the fault-zone permeabilities computed in this article to more accurately model flow and transport in faulted rock.
Rather than represent fractures explicitly, standard reservoir simulators apply finite difference techniques, which require input in the form of permeability for each simulation grid block. In introducing the effects of the fault zone into standard reservoir flow simulators, it is therefore necessary to represent the fault in terms of a permeability tensor. This treatment offers reasonable accuracy for flow normal to the fault, although it may not be as accurate for flow parallel to the fault, particularly for transport calculations with single very thin but extensive features (e.g., slip surfaces) that can significantly impact flow.
We note that, although both the fault-normal and fault-parallel components of permeability are important, for many flow problems capturing fault-normal permeability is more critical. This is because the faultnormal component of permeability largely determines the degree to which there is pressure communication between adjacent fault blocks. Quantifying the crossfault communication is commonly an important issue for the efficient management of a reservoir.
This article proceeds as follows. We first describe the geological setting and the general characteristics of the faults studied. Next, the permeabilities of the individual fault-zone elements are discussed. We then present results for large-scale fault-zone permeability for faults of slip magnitudes of approximately 6, 14, and 150 m. These results, taken in total, illustrate both the large-scale trends and the local variability that exist in fault-zone permeability. The approach used for the calculation of the fault-zone permeability is described in the Appendix.
G E N E R A L D E S C R I P T I O N O F T H E F A U L T S
The faults studied in this article occur in Valley of Fire State Park (Figure 2 ), located in the North Muddy Mountains of southern Nevada. We consider faults produced by shearing along well-developed joint zones in the Aztec Sandstone, a high-porosity, poorly to moderately cemented eolian sandstone. The Jurassic Aztec Sandstone was deposited in a stable cratonic setting along the western margin of North America (Marzolf, 1983) . Myers (1999) described the development of the faults from preexisting arrays of en echelon joints to various stages of complex fault evolution (Figure 3 ). The angular relationship between joint zone trend and orientation of the principal stresses after the stress or material rotation ( Figure 3 of Fire, with the various elements labeled, is shown in Figure 4 . Although the methodology described here can be applied to either case, the examples in this article are selected from contractional en echelon fault systems consisting of steeply dipping faults. In this case, en echelon joint arrays were sheared in such a way that steps between neighboring joints experience contractional deformation, resulting in deformation band formation, as well as new joints. The fault zones formed by this mechanism are composed of principal structural elements consisting of sheared joints, shear induced joints or splay fractures, and fragmentation zones at large (breccias) and small (gouge/cataclasite/fault rock) scale. The splay fractures form as an opening mode structure (mode-I) (Brace and Bombolakis, 1963; Cotterell and Rice, 1980) , occur along principal planes, and are later subjected to progressive shearing. Secondand third-order splay fractures form through a hierarchical process in which opening mode fractures formed at earlier stages are sheared, producing new generations of sheared joints and joints. This iterative process may continue for many stages of fracturing. Deformation bands-thin, tabular zones of strain localization-can reduce the porosity of the sandstone within the bands by 1-3 orders of magnitude (Antonellini and Aydin, 1994) . The deformation bands accommodate slip up to a few centimeters, are restricted to the core of the fault zone, and are generally localized within contractional steps of the sheared joint zones.
Conformable faults show a gradual widening of fault rock/gouge and a peripheral fracture network zone. The final fault-zone architecture is a central finegrained fault core that is bounded on one or two sides by slip surfaces and is surrounded by an elliptical damage zone. We note that, as a consequence of the formation mechanism, most of the fault-zone elements (splay fractures, sheared joints, and slip surfaces) are subvertical (Myers, 1999) . Therefore, the twodimensional modeling approach employed in this article is a reasonable approximation.
D E T E R M I N A T I O N O F F A U L T -Z O N E P E R M E A B I L I T Y
The numerical procedure used for the calculation of the fault-zone permeability is described in detail in the Appendix. The method entails the use of a finite difference numerical technique. This procedure requires that the region of the fault zone under study be discretized into a large number (ϳ2000 ‫ן‬ 2000) of rectangular grid blocks or pixels. Each pixel corresponds to one type of fault-zone element (as described previously) and is assigned a value of permeability based on the element it represents.
We now consider the fine-scale permeabilities of the fault-zone elements. We use an isotropic matrix permeability of 200 md, corresponding to a mean value of host rock permeability in this locality (Myers, 1999) . Using an isotropic value of permeability for the host rock is reasonable, because the exposures we are modeling are subparallel to bedding planes. Within the bedding plane, anisotropy is generally not that significant. Sheared joints, deformation bands, fault rock/gouge, and variably deformed host rock were assigned permeabilities based on previously reported permeability data for these structural elements in the Aztec Sandstone. Freeman (1990) used a gas permeameter on small plugs of the Aztec Sandstone and reported that deformation bands cause a 2 orders of magnitude permeability reduction relative to the host rock. Antonellini and Aydin (1994) used a gas injection minipermeameter to measure the permeability of deformation bands, finding them to be 2-4 orders of magnitude less permeable than the host rock, with an average permeability reduction of 3 orders of magnitude. Taylor and Pollard (2000) used field measurement of relic fluid gradients in the Aztec Sandstone to infer that the permeability of the deformation bands is reduced by 1.3-2.3 orders of magnitude relative to the host rock. As is described in the following paragraph, Myers (1999) estimated the permeability of deformation bands in the Aztec Sandstone to be 1-4 orders of magnitude less than the permeability of the host rock. Myers (1999) used petrographic image analysis techniques to determine two-dimensional porosity from epoxy-impregnated thin sections and calculated the permeability of each component of the fault zone by using the Kozeny-Carman relationship. He concluded that, because of a nearly identical degree of grain-size reduction, deformation bands and sheared joints have similar permeability values. Thus, in our calculations, a permeability of 0.1 md, approximately corresponding to a permeability 3 orders of magnitude smaller than that of the host rock, was assigned to both populations of sheared joints and deformation bands. This value represents the middle range of absolute permeability values reported by the researchers cited previously.
Myers (1999) also determined the permeability of the fault rock/gouge material by direct laboratory measurements and image analysis techniques and found the same magnitude of permeability reduction as for deformation bands and sheared joints. This appears to be a reasonable average value, although fault rock next to a well-developed slip surface commonly has a much lower permeability value (Antonellini and Aydin, 1994) . In the simulation, all sheared materials have been assigned an isotropic permeability value that corresponds to the fault-normal permeability, although it has been shown by Antonellini and Aydin (1994) that deformation bands or wall rock of slip surfaces in some cases may have anisotropic permeability. Specifically, Antonellini and Aydin (1994) reported that permeability normal to the band can be 1 order of magnitude less than permeability parallel to the band, especially where the grains in the band are oblate. Thin features of low permeability have a relatively small effect, however, on large-scale flow parallel to the feature. For such features, assigning an isotropic permeability that is 1 order of magnitude too small in the direction parallel to the feature generally has little effect on flow results. Thus, in all cases, fault rock/gouge materials were assigned an isotropic permeability of 0.1 md.
Permeability of both joints and slip surfaces (where well developed) was calculated using a parallel plate model in conjunction with an equivalent porous media representation (Matthäi et al., 1998; Taylor et al., 1999) . The permeability for a pixel of width L containing a fracture of aperture b is then given by
We used joint apertures of 0.25 mm inferred from field observations. As this aperture may vary in the subsurface as a function of fluid pressure and regional stress state, we performed simulations for one of the faults using different aperture values to test the impact of aperture variation on fault-zone permeability. These results are reported in a following section.
F A U L T -Z O N E P E R M E A B I L I T Y C A L C U L A T I O N S
In this section we present simulation results for three faults that have different slip magnitudes (6, 14, and 150 m). The input for each case was a large-scale map containing several million pixels of permeability data. The calculation of fault-zone permeability was accomplished for target regions of typical size of about 2000 ‫ן‬ 2000 pixels. For each value of slip, we consider two or more regions of the fault and present upscaled permeability results for each region.
The input maps for these calculations were compiled at a resolution of 3 mm. The width of the system ranges from 6 m wide for the faults with slips of 6 and 14 m to 4.75 m wide for the fault of slip 150 m. The fault features are color-coded, and the appropriate permeability is assigned to each finite difference grid block by projecting the mapped permeability onto the pixels. All features are represented by a minimum of three pixels of resolution (i.e., a minimum of three fine grid blocks per feature). For the joint and slip-surface features that are physically smaller than their pixel representation, equation 1 is used to provide the input permeability. The results for upscaled permeability were not found to be overly sensitive to the number of pixels used to represent these fine features over a reasonable range of values. This representation may, however, introduce some inaccuracy when it is applied to high-permeability features that are oriented skew to the finite difference grid.
Results are presented in terms of the two principal values of upscaled permeability, k 1 and k 2 , for each fault zone. The permeability component k 1 is essentially the fault-normal permeability (also referred to as the fault-perpendicular or cross-fault permeability), and k 2 is the fault-parallel permeability.
Fault with 6 m of Slip
The 6 m slip fault is composed of a less dispersed set of joints, sheared joints, and deformation band orientations with respect to the two larger slip faults ( Figure 5 ). This fault represents the incipient stages of fault rock development.
The fault-zone permeabilities for the various regions shown in Figure 5 illustrate the potential variability of the flow properties of faults. The first region of the fault (upper region in Figure 5 ) shows a faultperpendicular permeability (k 1 ‫ס‬ 26) that is considerably higher than that of the other regions (1.5 Յ k 1 Յ 4.4). All parts of the fault display high fault-parallel permeabilities (1087 Յ k 2 Յ 1587), with the highest permeability about a factor of eight greater than the host rock permeability. The higher fault-perpendicular permeability in the first region (top region in Figure 5) is as a result of the slip surfaces connected across the fault core. These features create a discontinuity in the fine-grained fault rock and provide for a flow pathway across the fault, which in turn results in a higher computed value for k 1 . This type of crossfault connection does not occur in the other four regions. All five regions display high fault-parallel permeabilities because the slip surfaces are throughgoing in the fault-parallel direction. Note that large-scale joints also contribute to this component of permeability in some regions.
The fault-normal components of permeability are impacted not only by the low-permeability continuous fault core and deformation bands therein but also by the extensive sheared joints (blue features in Figure 5 ) outside of the fault core. These features create additional barriers to flow and act to reduce the faultnormal component of permeability (relative to the host rock), even in the case where slip surfaces introduce cross-fault connections.
As indicated previously, the apertures of fractures in the subsurface are difficult to determine and, in addition, may depend on the local stress state. To assess the sensitivity of the fault-zone permeability to the fracture aperture b, we computed k 1 and k 2 as a function of fracture aperture for the enlarged input map shown in Figure 5 (by "fracture aperture" we mean here the apertures of fractures, as well as slip surfaces). The results for k 1 and k 2 over the range 0.05 Յ b Յ 0.5 are shown in Figure 6 . The computed fault-normal permeabilities (k 1 ) are insensitive to the fracture aperture and increase by only about 5% over the range considered. The results for fault-parallel permeabilities (k 2 ), by contrast, are very sensitive to fracture aperture and increase by a factor of 30 from b ‫ס‬ 0.05 to b ‫ס‬ 0.5. This is as would be expected where the system contains throughgoing fractures and slip surfaces. At the larger values of b, we find that k 2 ϳ b n , with n Ϸ 2.2. Where throughgoing fractures are evident, we would expect n to be closer to 3 (cf. equation 1). This discrepancy may be due to inaccuracies in our representation of high-permeability fractures that are oriented skew to the grid. In any event, the results of Figure 6 demonstrate that, given uncertainty in the fracture aperture, estimates for k 2 are uncertain, whereas those for k 1 can be made with much higher confidence.
The results for this particular fault are of interest because they illustrate the potentially large impact of subseismic faults (faults with less than about 10 m offset) on fluid flow. Our calculations indicate that permeability in the fault strike direction is enhanced significantly, whereas permeability across the fault decreases in most regions by nearly 2 orders of magnitude. In the subsurface, small faults of this type may, therefore, contribute significantly to large-scale flow in the reservoir or aquifer.
Fault with 14 m of Slip
A higher slip magnitude ordinarily results in a wider damage zone with a greater number of peripheral fractures. For the fault with 14 m of slip (Figure 7 ), these trends are not clearly observed, as there appears to be about the same fracture density and a fault rock/gouge zone of about the same width as for the 6 m fault considered previously. Permeability values for the two fault regions (both modeled with 2000 ‫ן‬ 2000 pixels) are indicated in Figure 7 .
The fault-parallel permeability is comparable to that of the previous fault example with 6 m slip, whereas the fault-perpendicular permeability is generally higher for the 14 m fault. Again, the faultparallel permeability is strongly impacted by the throughgoing slip surfaces for the lower region. Faultnormal permeabilities are increased in this region as a result of the cross connections between the slip surfaces in the fault core (cf. Figure 7) , as was also the case for the first region of the fault with 6 m of slip. Fault-normal permeability for the upper region would be even higher except for the large-scale, lowpermeability sheared joints outside of the fault core. The upper region shows a somewhat higher permeability (8.3 md) than the values calculated for most regions of the 6 m case (an average of 2.8 md for the lower four regions). This is the effect of the narrower regions of fault rock found in the 14 m case with respect to the 6 m case (cf. Figures 5, 7) . Myers, 1999) and five fault-zone regions for which k 1 and k 2 are computed. Note the consistently high (with respect to host rock permeability) fault-parallel permeability (k 2 ) and the noticeably higher (with respect to the other calculated regions) cross-fault permeability (k 1 ) for the top region. Fault-normal streamline maps for the upper and lower regions of the 14 m slip fault are shown in Figure  8 . The different fault-perpendicular permeabilities between the two regions to some extent are reflected in the differing flow geometries. For both maps, the highflow regions in the fault peripheries correspond to high-permeability joints. For the upper map ( Figure  8a ), there are no high-permeability pathways through the fault rock. Thus, the flow is more evenly spread across the low-permeability fault rock. This is in contrast to the lower map (Figure 8b) , where the flow crosses the fault rock mostly in the two regions (lower and central regions of Figure 8b ) where slip surfaces cross the fine-grained fault rock. The focused flow through the higher permeability slip surfaces leads to an overall higher large-scale permeability.
Fault with 150 m of Slip
The fault with 150 m of slip (Figure 9 ), the largest slip magnitude fault considered in this article, corresponds to a seismically observable fault (offset Ͼ10 m, which is the lower limit of seismic resolution). At this stage of development, the contacts between the highly deformed fault rock and the damage zone in the fault margin are sharp. A fracture hierarchy formed by successive slip on splay fractures is well developed in the fault periphery and extends for several meters into the host rock. The slip surface is well developed and defines an open path between two smooth surfaces. The fracture density and fault rock/gouge thickness are greater in this case than for the faults with 6 and 14 m of slip. The fault-zone model in this case is 4.75 m wide (in contrast to the 6 m-wide models considered for the previous two cases) and is represented by 1568 ‫ן‬ 1568 pixels.
For this fault, the upscaled permeabilities for the two regions are very close. For both regions, the faultperpendicular component of permeability (k 1 ) is reduced by more than 2 orders of magnitude relative to the host rock. This large reduction clearly is due to the wide fault rock/gouge zone and to the fact that no slip surfaces traverse this zone in the perpendicular direc- tion, as there were in some regions of the faults discussed previously. The dense regions of deformation bands at stepovers and sheared joints emanating out from the gouge also contribute to the low fault-normal permeabilities. The continuous slip surfaces in the direction along the fault lead to enhanced permeability in the fault-parallel direction. This permeability enhancement, still about a factor of five more than that of the host rock, is slightly less than for the previous faults, possibly because of the more extensive regions of sheared joints and deformation bands.
D I S C U S S I O N
In this article, we computed large-scale fault-zone permeabilities for faults formed by shearing across joint zones in sandstone and characterized by macroscale fragmentation. Our results demonstrate quantitatively that the hydraulic behavior of a fault cannot always be generalized into two end members, for example, a fault does not act exclusively as a simple barrier or conduit. The strong impact of low-permeability features on the fault-normal permeability, as well as the large effect of extensive slip surfaces on fault-parallel permeability, illustrate the importance of a precise determination of the detailed fault-zone architecture and the corresponding petrophysical properties. In a modeling study such as this, in which outcrop data are used, these properties can be determined from a combination of in situ and core permeability measurements. The estimation of these properties for faults in the subsurface, of course, poses a greater challenge.
Although we have considered only a relatively small number of fault regions, commenting on the variation of the fault-zone permeability (k 1 and k 2 ) as a function of slip magnitude is, nonetheless, useful. The ranges of the fault-parallel permeabilities for the faults with 6 and 14 m of slip overlap (1087 Յ k 2 Յ 1587), so it is difficult to identify any clear trend between these values of slip. These permeabilities are, however, in all cases higher than the fault-parallel permeabilities for the fault with 150 m of slip. Although these differences in the fault-parallel permeabilities are not very large, the results do suggest the presence of a maximum in fault-parallel permeability at some value of slip (ϳ10 m), recalling that the permeability with zero slip is that of the host rock, 200 md.
A trend also can be observed for the fault-normal component of permeability, although, again, the number of regions considered is small. Specifically, at the lower values of slip (6 and 14 m), fault-normal permeabilities are on average higher and show more variation than they do for the fault with 150 m of slip. We cannot conclude from our data whether a local maximum in the fault-normal permeabilities exists, although the fault-normal permeability clearly decreases significantly at high slip, where the fault core is wide and continuous.
According to field observation, as well as theory, slip magnitude varies along a single fault. Thus, as indicated by the results presented here, the fault-zone permeability along the fault also varies. Therefore, a single fault may show both a trend and considerable small-scale variation in fault-zone permeability (cf. Figure 5) . Both of these effects can lead to complex flow behavior in the vicinity of the fault.
Because the large-scale flow properties of faults are dependent on the fine-scale geometry and distribution of the fault-zone components, more detailed studies such as this will be required to develop a more complete understanding of the impact of faults on flow in the subsurface. This type of analysis should be conducted for different types of faults, including faults with clay smears. Once this more comprehensive understanding is achieved, simpler correlations, relating fault-zone permeability to appropriate fault-zone statistics, can be developed and applied in practice. An initial application of this overall methodology was recently presented by Flodin et al. (2001) , who introduced fault-zone permeabilities as computed here into a reservoir simulation model. The significant impact of the fault zone, as well as the effect of the variation in fault-zone properties on large-scale reservoir flow and transport, was illustrated for several different flow scenarios.
C O N C L U S I O N S
The following main conclusions can be drawn from this work.
1. A methodology for the determination of fault-zone permeabilities for use in large-scale reservoir simulation was presented and applied. The method combines fine-scale outcrop characterizations, estimates of the properties of fault-zone elements, and detailed numerical calculations to arrive at large-scale fault-zone permeability tensors. 2. The results illustrate interesting trends in fault-zone permeability as a function of slip. The fault-parallel component of permeability displays a maximum, whereas the fault-normal component of permeability is lowest and shows the least variation at the highest value of slip considered (150 m). Results for fault-normal permeability are not sensitive to the fracture aperture, whereas those for fault-parallel permeability are highly sensitive. 3. The methods described here can be applied to other types of faults and can be used to develop accurate correlations for fault-zone permeability as a function of fault slip and other relevant fault-zone petrophysical parameters.
A P P E N D I X : M O D E L I N G A P P R O A C H F O R T H E C A L C U L A T I O N O F F A U L T -Z O N E P E R M E A B I L I T Y
We use a finite difference (or, more properly, a finite volume) procedure to calculate the equivalent permeability of the fault zone. The overall approach requires the solution of the fine-scale single-phase pressure equation subject to appropriate boundary conditions. Single-phase, steady-state incompressible flow through a heterogeneous porous medium is described by Darcy's law and the continuity equation:
where u is the fluid velocity vector, p is pressure, l is the fluid viscosity, and k is the permeability tensor. To calculate the equivalent permeability tensor for a region of the fault zone, we solve the fine-scale equations 2 and 3 subject to constant pressure-no flow boundary conditions. Two such solutions are required. In the first solution, flow is driven by a pressure gradient in the x direction, whereas in the second solution the pressure gradient is in the y direction. Following these two numerical solutions, total flow rates through the domain are computed. The equivalent or upscaled permeability, referred to here as k*, is then calculated by equating the flow rates from the fine-scale solutions with those that would result from the imposition of the same boundary conditions on a homogeneous region of permeability k*.
For a rectangular region of physical dimensions L x and L y , with a pressure difference Dp imposed in the x direction, the x-x component of k* (k* xx ) is given by
where Q x is the total flow rate through the system. An analogous expression gives k* yy , which is computed following the solution of a flow problem with a pressure difference imposed in the y direction. In general, the upscaled permeability tensor also contains a cross term, k* xy . This term, which is nonzero when the principal directions of permeability are not aligned with the coordinate system, can be computed by relating the average Darcy velocity (ϽuϾ) to the inner product of the upscaled permeability and the average pressure gradient (k* • ϽٌpϾ). For the fault systems considered here, the principal directions of permeability were found to be in close alignment (within a few degrees) with the general fault orientation in nearly all cases. Thus, the cross terms of permeability are small and can be neglected for the cases considered in this article. Further, because the cross terms of k* are small, k 1 Ϸ k* xx and k 2 Ϸ k* yy , where k 1 is the fault-normal permeability and k 2 the fault-parallel permeability. If the fault is not oriented with the coordinate system, k* xy in general is significant. Alternate boundary specifications may be more appropriate in some cases. Periodicity (see, e.g., Durlofsky, 1991) may be preferable in cases where high flow features (e.g., slip surfaces) are not continuous over very large distances. This is because periodic boundary conditions tend to interrupt the connectivity of features that span the system but are not exactly aligned with the system orientation. This generally results in lower computed values for fault-parallel permeability than would be obtained using the constant pressure-no flow specifications applied here. Further study is required to determine the optimal boundary specification for different types of faulted systems.
The solution of equations 2 and 3 over highly detailed fine-scale descriptions of the fault zone, which in our case contain more than 10 6 cells (e.g., 2000 ‫ן‬ 2000 pixels), is demanding computationally.
The problem is further complicated because the permeability field is highly discontinuous and can vary by more than 6 orders of magnitude over very short distances. A suitable linear solver is, therefore, required for this problem. In this article, we apply an iterative multigrid solver (Ruge and Stuben, 1987) for the fine-grid solution. Multigrid solution techniques are particularly adept at the efficient solution of large problems with strongly discontinuous coefficients.
In the results presented in this article, we compute a single equivalent permeability tensor for a large part of the fault zone. This quantity is the equivalent or large-scale fault-zone permeability. Using the procedures applied here, upscaling these fine-scale descriptions to coarser scale models containing a specified number of grid blocks is also possible. For example, in some applications it might be useful to generate a 10 ‫ן‬ 10 or a 100 ‫ן‬ 100 grid block description of the fault zone to retain a higher degree of resolution. In such cases, rather than compute a single k* for the entire region, the procedure presented here could be used to compute equivalent permeability tensors for each of the coarse-scale grid blocks.
